Abstract-This paper present a complete battery energy storage management scheme to maximize potential value that can be brought forth to medium voltage feeders. In general, the potential performance benefits produced by possible energy storage applications include improved system reliability, dynamic stability, enhanced power quality, transmission capacity enhancement and area protection. Here we propose a unique control algorithm that enhances coordination of Renewables Capacity Firming and Energy Time Shift (ETS) applications. Optimization of control parameters and set points are considered for management between the mentioned applications with the help of the proposed architecture. The design is tested on an EMTP ® simulation platform and the results indicates that the proposed architecture provides capability to include multiple functionality of the energy storage device maximizing the value of the energy storage in power grid.
I. INTRODUCTION
he applications in which energy storage systems are used hold considerable value to energy producers, grid operators and in turn, energy consumers. As concluded in reference [1] , energy storage systems can provide efficient solutions for various issues in modern electrical networks including micro grids. For different applications different technologies of energy storage can be used. As mentioned in [2] , These applications include electric energy time shift, electric supply capacity, load following, area regulation, electric supply reserve capacity, voltage support, transmission support, transmission congestion relief, transmission and distribution upgrade deferral, substation on-site power, time of use energy cost management, demand change management, electric service reliability, electric service power quality, renewable energy time shift, renewable capacity firming and wind generation grid integration. Studying the usability of various energy storage technologies for various applications, it is found that flywheel energy storage (FES) are suitable for applications that address dynamic stability [4] , transient stability [5] , voltage support [6] and power quality improvement [7] . Nevertheless, FES cannot present value for area control/frequency regulation or transmission capability improvement [2] . On the other hand, superconducting magnetic energy storage (SCMES) and battery energy storage systems (BESS) are suitable for applications that improve dynamic stability [8, 9] , transient stability [10, 11] , voltage support [12] , area control/ frequency regulation [13, 14] , transmission capability [13, 14] and power quality [5, 15] . BESS was found to be the most feasible and economically viable energy storage technology for the intended applications.
Several research works proposes optimal management of BESS based on a one particular functionality. For example, ref.
[3] discusses capacity firming for a large wind farm. It focuses on developing a control strategy for optimal use of BESS for wind capacity firming. However, little or no work is reported integrating several applications in one main stream management system. It has been addressed that the future for energy storage is to provide strategies that would address the issues that can be classified into three broad outcome-oriented goals.
a. Energy storage should be a broadly deployable asset for enhancing renewable penetration b. Energy storage should be able to resolve grid resiliency and reliability c. Energy storage should be able to provide smart grid benefits including optimal utilization of demand side assets.
Considering these facts there is an essential need to evaluate controlling multiple functions of the energy storage that can be used at various operational time frame and thus provide more value for the storage to work in the modern power grid. These factors motivated us to develop control and optimization architecture for providing command signals for SMS that can be used effectively for grid operational purpose to increase value, resiliency and reliability of the power grid.
In this paper, a new method for integrating multiple functionalities of BESS is discussed. The proposed method works with any Battery Storage Management System (SMS) to enhance its active power capabilities and at the same time evaluate the need and requirement of the distribution feeder at a given time. PVCF and ETS are studied individually as well as coordination between both is also presented. The paper is organized as follows. In section II, the energy storage system topology and SMS architecture is discussed. Section III discusses the proposed control methodology and section IV illustrates simulation results. Section VI concludes the paper. Fig. 1 , The BESS model consists of a lithium polymer battery model which was developed and validated with methods similar to that in [16] . The proposed model is developed based on a real battery installation. The SMS topology studied is constructed to allow operation in the four PQ power quadrants. In other words, reactive power supply and consumption is possible during both charge and discharge states of the battery. Such an architecture is difficult be achieved using a bi-directional inverter. The topology shown in Fig. 1 includes (in its discharge path) the lithium polymer battery model connected to a DC-DC buck converter. The buck converter is connected to a 3-phase 3-leg voltage source inverter which has a built in filter for harmonic removal and reactive power support. The SMS charge path includes a 3-phase full wave rectifier connected (on its AC side) to the point of common coupling through delta-delta transformer. The DC side of the rectifier is connected to buck converter. Practically, a single transformer would be used for both charge and discharge paths and instead of using a buck converter in the charge path, a boost converter would be used. However this provides difficult control challenges. The purpose of this paper is focused on the outer loop control scheme for the SMS not the inner architecture, therefore, not much stress is made on the inner control loop of the SMS. It is also worth noting that the proposed model is based on an actual SMS that is used in a real-power grid battery and thus the topology has not been changed as used in the existing facility. The charge and discharge path of the model is discussed next. Modulation index is set according to the reactive power required to be supplied or consumed from the feeder (QESSr). The phase of the PWM reference signal controls the active power output and is set by the reference active power signal (PESSr).
B. Charge Path
During charge cycle, power is provided to the battery through the 3-phase full wave rectifier and the second buck converter. The rectifier sets the voltage at the charge DC link. Switch (Q2) shown in Fig. 2 is controlled to buck the rectified voltage at the DC link to the required voltage output value for the required battery charge rate. The voltage (Vc) required to charge the battery is calculated from the desired charge rate (PESSr) as shown in Eqn. 2. Switch (Q2) duty cycle is controlled according to voltage (Vc). The rectifier is uncontrolled and battery charge rate is controlled solely by the second buck converter.
III. PROPOSED METHODOLOGY
The simulation test bed consists of the BESS model connected in conjunction with a 1MW PV station model. The PV station is controlled to operate at unity power factor i.e. the reactive power output ( ) is zero (standard for most of the PV installations). The battery capacity is assumed to be 0.25MW and the inverter capacity 0.9 MVAR (capacitive or inductive). The studied SMS topology allows reactive power control during discharge and charge cycles, since the charge rectifier operation is independent from the inverter operation and vice versa. Fig. 3 shows the regions of ESS controllability. Conventional energy systems use most of inverter capacity for active power dispatch as represented by area (A3) where reactive power output is dictated by a minimal allowed power factor of 0.8. However, the studied control scheme relies on using an inverter with a relatively high capacity compared to that of the battery. This capacity difference could also be used for reactive power dispatch to allow voltage support capability.
For the proposed design, BESS active power output varies between the maximum discharge power = 250 and maximum charge power = −250 . Area A1 in Fig. 3 shows the ESS controllable output region. This region also shows the power output region for zero active power output from the PV station installed at the point of common coupling (PCC). As the PV station output increases, the controllable region is shifted to the right till it becomes A2 at maximum (PV) output. So, areas (A1) & (A2) represent the controllable regions for minimum and maximum PV station output, respectively. A4 shows the control regions used during PV capacity firming (PVCF) application. Since peak loads mostly occur after sunset, considerable increase in cost of energy is incurred. Therefore, the ETS application discharge period is considered at that time.
In such a scenario ESS will have completed its first application of PVCF and can supply active power at its maximum capacity at the predicted time of maximum feeder load.
The test feeder in is an aggregated model of a 12.475kV radial distribution feeder. Coordination between storage applications currently being studied is maintained by the time of day (ToD) algorithm since priority is given to PVCF during the day time leaving ETS function during the evening and night time when maximum residential loads mostly occur. Also, PVCF degree is optimized in order to maximize the battery SOC at the end of the day to allow energy capability for effective ETS. Fig. 5 shows overall flowchart. The time of PVCF start (TPVst) in Fig. 5 is defined in the described algorithm as the time when PV station output becomes greater than (3%) of its rated value. These values are recorded from historical data. 
A. PV Capacity Firming
The BESS control algorithm for PVCF aims to minimize PV station power swings. The described PVCF algorithm focuses on large power swings occurring at noon when PV output is at its peak. These swings are the most crucial to minimize transients in the feeder. In the proposed architecture a PV reference curve is generated based on the historical values of PV power production. The reference curve is used to determine the optimal PV power output during power swings. This reference curve is deduced taking into account the PV station characteristics and ESS size. The key to the effectiveness of this 
i. Smoothing Reference Calculation
The PVCF algorithm develops the characteristic maximum PV curve for the PV station location at that time of year. For a daily output power of PV station ( ) where k signifies the day; = 1,2,3,4, … … . , the characteristic maximum PV curve is given by:
Further, the smoothed characteristic maximum power curve (SCMP) is defined as:-
Where is the sampling time of PV power output measurement in our case it is 30 sec. Ul and Ll are the maximum allowed rate of increase and decrease of the SCMPC respectively. The PV optimum power reference curve (OPR) is a fraction of the SCMP curve. The multiplication factor (m) is initially chosen such that maximum firming is attained for the described PV station from the used ESS.
ii. Intermittency Detection
Intermittency detection allows the idle condition of the battery during times when PV output power is smooth and does not require any conditioning. The intermittency detection algorithm relies on constantly tracking the rate of change of the difference (Pc) between the output PV power and the OPF curve. The real-time measured values of (Pc) are passed through a rate limiter which keeps maximum rate of change of (Pcf) less than a preset threshold. (Pcf) is then subtracted from (Pc) to obtain (D). If the value of D violates an upper or lower limit, intermittency is then assumed to be present and firming is commenced. Smoothing continues till value of D is maintained within limits for a period Td. Fig. 6 shows the intermittency detection algorithm output for the ninth day of an eight day monitoring period from which the SCMP and OPR were deduced. iii. State of Charge Optimization As it can be noticed from the previous equations, the shape of the OPR controls the degree of firming attainable. Also, it dictates the extent to which the battery work on the architecture. So, we can infer that the factor 'm' in Eqn. 5 can be used to control both the degree of firming and battery SOC at the end of the capacity firming period. Let us calculate the value of m that corresponds to maximum PV firming. Ru is defined as the upper firming limit of the battery for a determined OPR curve as shown in Fig. 7 .
And since maximum PV power firming is attained if Ru is equal to PSCMP at noon (i.e. maximum PV power time)
From 10 & 11 it can be deduced that the value of m for maximum firming is as follows
Looking at the energy side of the matter, it is required to attain a maximum SoC at the end of the firming period to allow sufficient energy for effective energy time shifting. 
As shown in Eqn.14, the value of m can be adjusted each time step ( ) to allow battery SoC to reach a target value ( ) at a target time (
). For our case, our target value is 100% SoC at a target time ( ).
B. Energy Time Shift
Studying the load curves of the system over several one week's interval time periods, it was found that the time difference between load peak maximums of two consecutive days was less than 40 minutes, whereas the maximum difference throughout the week was found to be 50 minutes as shown in Fig. 8 . Relying on this realization, the ETS application was designed such that the discharge period of the ESS is determined by the load curve maximum of the previous day. The algorithm checks the battery state of charge (SoC) and calculates the time of day to commence battery discharge such that the load curve maximum of the previous day lies in the middle of the discharge time interval.
Assuming the battery is fully charged and will perform ETS at 250kW, the total time of discharge is 3 hours. This covers the load curve peak time difference between the two consecutive days. Also, since load curves of most days show minimal load at 4:30am, the ETS algorithm is set to start charging the battery at 3 am to avoid the local maximum that occurs at 7:00am.
IV. SIMULATION RESULTS

A. PV Capacity Firming
The PV output of the 8 days preceding the algorithm test day are known and are used to obtain the (SCMP) curve. Fig. 9(a) shows the output power of the PV station with the (OPR) curve calculated using the mi value calculated in Eqn. 12. The PV power intermittency is detected which allows the PVCF to commence. During firming times, the ESS output power is as shown in Fig. 9(b) . Negative power represents battery charge while positive represents discharge. The battery state of charge (SoC) is set to 50% at the beginning of the day to allow sufficient energy charge and discharge capability for capacity firming. Fig. 9(c) shows the PCC power which is the summation of ESS power and PV station power outputs. The figure shows efficient firming presented in a firmed PCC power output which will contribute to less voltage regulators' tap changes and transients at substation generators. The algorithm was capable of reducing the maximum PV power swing of this day from 800kW to 200kW (maximum power swings are reduced to 33% of previous values). Although Fig. 9 shows plausible firming results, the SoC remaining in the battery at the end of the firming application is 31%. This greatly hinders the energy storage system to perform its next intended application of ETS. For this reason, the algorithm for optimization for the SoC was designed. The results shown in Fig. 10 show the same day firming cycle if SoC optimization was performed. As shown if Fig. 10 (b) , The SoC at the end of the PVCF cycle is 95% which is suitable for the ESS to perform ETS after. But this was at the expense of the degree of firming. Nevertheless, the firming is still efficient in decreasing the maximum PV power swings from 800kW to approximately 230kW. It is also noticed that such power swings (in the order of 200kW) are more frequent in this case.
B. Energy Time Shift
The EMTP software was used to simulate the ETS algorithm for Tuesday of the mentioned week in Fig. 8 . A modeled practical test feeder was used to test the ETS algorithm. As shown in Fig. 11 , the time of discharge start was calculated based on the load curve maximum of Monday and used for ETS on Tuesday. It shows that the algorithm was successful in decreasing the peak load of Tuesday. 
C. Combined PVCF & ETS for a Single Day
As shown in Fig. 12 , after the conclusion of the PVCF application, the remaining energy in the battery (31% SoC) was not sufficient to perform the efficient energy time shifting. At the predicted feeder load maximum, the battery could only discharge for approximately 1 hour. This time could have been increased if optimized firming was performed. As shown in Fig. 13 , after using the designed SoC optimization algorithm, the remaining energy in the battery (95% SoC) after conclusion of the PVCF application was sufficient to allow effective energy time shifting.
V. CONCLUSION
In this work, a novel control and optimization architecture for multiple functions of the battery energy storage is discussed. Two functions are tested in the architecture, the firming and energy time shift algorithms. These algorithms were found to be effective for their respective purposes and also for providing overall value of the energy storage device. PVCF using a BESS was found to be effective in smoothing power swings of double the capacity of the battery used. The used energy time shift algorithm was found to be effective in covering the time of peak load. Optimization of the PVCF algorithm to allow proper coordination with ETS was found to be effective and greater peak load reduction was possible. 
